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USING DISCONTINUOUS DEFORMATION ANALYSIS TO INVESTIGATE THE 
DYNAMIC STABILITY OF TUNNELS IN JOINTED ROCKS UNDER 
EARTHQUAKE LOADING 
Re� Naderi 
Shiraz University, Shiraz, Iran 
Nader Hataf, Arsalan Ghahramani 
Shiraz University, Shiraz, Iran 
ABSTRACT 
Tunneling is one of the most important problems in rock mechanics that many numerical methods try to investigate. In general, 
static analysis methods are mainly used to investigate the stability of tunnels, which are not safe in dynamic conditions. This 
paper is illustrating the use of Discontinuous Deformation Analysis (DDA) in analyzing the stability of tunnels in jointed rocks 
under earthquake loading. To improve the capability of original DDA method to meet the requirements for analysis of rock 
tunnels under dynamic loading and time dependent (time history) loading, damping and energy loss have been added to the 
program. Some numerical examples have been illustrated to show the capability of the modified program. Good similarities 
between the field observations and the numerical results were observed. Blocks displacements and deformation of the roofofthe 
tunnel matched with the field observations indicated the importance of the key blocks in tunneling. 
INTRODUCTION 
Although rock mass discontinuities can be modeled in a 
discrete manner with FEM and BEM methods using 
special join elements, the description of discontinuities is 
usually difficult and there are often restrictions on the 
degree of deformation permitted. Furthermore, the number 
of discontinuities that can be handled is limited. On the 
other hand, the Discrete Element Method (DEM) is 
generally tailored for problems in which there are many 
material discontinuities, placing special emphasis on how 
the contacts are handled. It also allows for large 
deformation along discontinuities and can reproduce block 
movement (translation and rotation) quite well. 
The Discontinuous Deformation Analysis (DDA) method 
is a recently developed technique that is a member of the 
family of DEM methods. In the DDA method the 
formulation of the block is very similar to the definition of 
a finite element mesh. A finite element type of problem is 
solved in which all elements are physically isolated blocks 
bundled by pre-existing discontinuities. The elements or 
blocks used by the DDA method can be of any convex or
concave shape whereas the FEM uses only elements with 
predetermined topologies. When blocks are in contact, 
Coulomb's law applies to the contact interfaces, and the 
simultaneous equilibrium equations are selected and solved 
at each loading or time increment. The large displacements 
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and affirmations are the accumulation of small 
displacements and deformations at each time step. Within 
each time step, the displacements of all points are small, 
hence the displacements can be reasonably represented by 
first (higher) order approximations. Both static and 
dynamic analyses can be conducted with the ODA method. 
THE ODA FORMULATION 
In DDA method, the formulation of blocks is very similar 
to finite element mesh. A finite element type of problem is 
solved in which all elements are physically isolated blocks 
with pre-determined discontinuities. The elements or 
blocks in ODA can be of any shape and the simultaneous 
equilibrium equations are selected and solved at each time 
increment. 
By using first order displacement approximation, the DOA 
method assumes that each block has constant strains and 
stresses throughout. The displacements (u, v) at any point 
(x,y) in a block, i, can be related in two dimensions to six
displacement variables 
D = (dli,d2;,d3;,d4;,ds;,d6;) 




Where ( u0, VO) is the rigid body translation at a specific
point in the block, ro is the rotation angle of the block and 
Ex, E y and Y xy are the normal and shear strains in the
block. 
The complete first order approximation of the block 
displacements takes the following form. 
u=c1 +c2x+c3y
v =c4 +c5x+c6y 








This equation enables the calculation of the displacements at 
any'point (x,y) within the block when displacements are 
given at the center of the rotation and when the strains are 
known. In the two dimensional formulation of the ODA, the 
center of rotation with coordinates { x O, y O) is assumed to
coincides with the block centroid with coordinates 
(xc,yc ). 
Equilibrium Equations 
In the DDA method, individual blocks form a system of 
blocks through contacts among blocks and displacement 
constraints on single blocks. Assuming that n blocks are 
used in the block system, Shi (Shi, 1988) showed that the 
simultaneous equilibrium equations can be written in matrix 
form. 
(5) 
Where each coefficient Kij is defined by the contacts 
between blocks i and j. Since each block has six degree of 
freedom defined by the components of D;, each Ki) is 
itself a 6x6 submatrix. The system of equations can be 
expressed in a compact form (similar to finite element) as 
(6) 
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Where K is a 6nx6n stiffness matrix D and F are 6nxl 
displacement and force matrices. The solution to the system 
of equation is constrained by a system of inequalities 
associated with block kinematics. The simultaneous 
equations were derived by minimizing the total potential
energy n of the block system. The total potential energy is
the summation over all the potential energy sources: 
1. The strain potential energy ll e produces stiffness
matrix,
2. The potential energy ll 6 of initial stresses produces the
initial stress matrix,
3. The potential energy fl p of point load produces the
point load matrix,
4. The potential energy ll w of body load produces the
body load matrix,
5. The potential energy D; of inertia produces mass
matrix,
6. The strain potential energy lls of contact (normal and
shear) springs produces contact matrix, and
7. Potential energy fl e of earthquake loading produces
time dependent load matrix. By minimizing the total 
potential energy all the block matrices would be produced 
similar to FEM method. 
(7) 
For FEM the integration domains of the block matrices are 
whole elements with standard boundaries, but for DDA 
method, the integration domains of the block matrices are 
blocks. 
Time Dependent Matrix for DDA 
The time dependent load matrix is similar to the mass matrix 
of DOA. This matrix produces time dependent or time 
history loading of earthquake loading. In each time step, the 
force matrix will be the result of previous load matrices and 
this new load matrix. 
Considering the current time step, we have 
as the time dependent acceleration of any point of the block 
and M as the mass per unit area. The earthquake force per 
unit area is: 
2 
- - -
Kn K12 K1n Di F1 
K21 K22 K2n D2 F2 
= 
Kn1 Kn2 Knn Dn F11 J t(t)} 
ay(t) 
(8) 
By considering the equilibrium equation 
K.U=F (9) in the case of earthquake loading without any other source of force, the equation will be 
(IO) 
The potential energy of the time dependent loading is 
VJ fex(t)t�dy'ltey (t)r (11) Where (u, v) is the displacement of any point (x,y) of block i. Therefore, the potential energy can be written as 
-D' Jf T' dxdy{fex (t )} 




Xo = _!_ s 
s Yo = -Sy 
so 
OS -SY+ y0S Ss +x0SS., +x0S 0
0 SY+ y0S(s'y + y0 SJ2(S., +x0S)l2
S= fJdxdy 
Sx = Jfxdxdy 




Where (x0 Yo ) are the center of gravity of the blockand S is the area of the block. So, the above integration can be written as 
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s 0 
0 s 





Since x0 and Yo has been taken at the center of gravity, the last four rows are zero. Then the potential energy can be written as 
fexfey 




The derivatives are computed to minimize the potential energy: 
f, = a ne
r ad,s 
so we have 
fexs 
feys 





which is added to the force matrix in the global equation. 
Energy Loss 










mechanical energy will transform into other forms of energy 
(i.e. thermal). This case have been studied by J.M. Pei.(Pei, 
1996). 
If the movement of block system obeys the law of 
conservation of energy then the total energy of block, E, is 
equal to its kinetic energy 
(20) 
During block bumping its kinetic energy will partially 
transform into strain energy, Es and partially into thennal 
energy, Er, then Ek changes to 
(21) 
So after block bumping the strain energy transforms into 
new kinetic energy, £Ks, but this time the new kinetic 
energy is less than the previous time due to some energy 
loss. 
(22) 
If the lost energy is equal to the kinetic energy multiplied by 
a co'efficient K less than one, then the equation for the new 
energy after bumping will be 
Er = K.EK 
EKS = (1-K)EK = KK .EK
(23) 
If we assume the reaction force being in proportion with 
energy then the reactive inertia force after bumping with 




This equation indicates that the reaction force after block 
bumping is lesser than the impacting force. 
Daqiping 
Damping can be considered by adding a damp term in the 






Where C is a constant related to damping. By neglecting the 
stiffness term in Rayleigh damping we have 
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C=k.M 
Then the corresponding submatrix becomes 





The complete form of the integration can be found in Shi's 
thesis (Shi, 1988). 
ILLUSTRA TINE EXAMPLE 
To prove the capability of DDA in this field two different 
examples have been studied. The examples have the same 
geometry but with different material properties. 
Example l: Tunneling in jointed rock 
Fig. I shows a I Om square tunnel in depth of 60m in a zone 
of heavily jointed rock formation. This zone consists of 71 
blocks of different shapes from triangle to hexagon. The 
rock mass is not allowed to deform laterally and fixed 
boundary blocks are used to simulate no lateral 
displacement. The rock has a unit weight 24 KN/m3, a 
Young's modules E=20 GPa and a Poisson's ratio v=0.25
Figs. 2 to 4 show block displacements after 40, 80 and 120 
steps of 0.02 seconds, respectively. For dynamic loading 
same as the previous examples 2 seconds of Naghan 
earthquake has been used. There is a very good similarity 
between the field observations and the numerical results of 
this example. Blocks displacements and deformation of the 
roof of the tunnel match with field observations and indicate 
the importance of the key block in tunneling analysis. 
Example 2: Tunneling in Weak rock 
In the second example for tunneling analysis, consider the 
previous tunnel with the same geometry and material 
properties. The main difference is that the blocks are 
allowed to fracture twice with a tensile strength 
T0 = 300KPa, a cohesion C = 320KPa and an internal 
friction angle <p = 32° . The program was run under static
loading to show the block fracturing around the tunnel. Figs. 
5 to 7 show block fracturing around the tunnel in 10, 15 and 
20 time steps of 0.004 seconds respectively. This change in 
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Fig. I. initial Configuration of Blocks 
Fig. 2. Block Displacements after 40 steps of0.02 seconds 
CONCLUSION 
New extensions have ban added to the original DDA method 
to improve the capability of the method to deal with
dynamic analysis of blocky systems under earthquake 
loading or any other time dependent loading. It was shown, 
by illustrative examples, that in tunneling analysis which
was the base of block theory and DDA method, the results 
are very promising and similar to key analysis of block 
theory. 
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Fig. 3. Block Displacements after 80 steps of 0.02 seconds 
Fig. 4. Block Displacements after 120 steps of 0.02 seconds 
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Fig. 5 Block fracturing after IO steps of 0.04 seconds 
Fig. 6. Block fracturing after 15 steps of 0.04 seconds 
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' 
Fig. 7. Block fracturing after 20 steps of0.04 seconds 
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